We present a self-collimation-based directional emitter and compact beam splitters in a two-dimensional photonic crystal by using the surface modification method. The simulation results show that highly directional emission with a small angular divergence is achieved over a relative bandwidth of about 10.2%. Furthermore, by only modifying the monolayer structure of the output surface, the compact beam splitters, including the Y-shaped, one-to-three, and one-to-five structures are realized. Such beam splitters have remarkable properties such as symmetrical energy distribution and high transmission. self-collimated beams in 2D photonic crystals," Europhys. Lett. 70, 197-203 (2005).
Introduction
Since last decade, photonic crystals (PCs) have attracted a great deal of attention due to their unique properties and the promise in photonic integrated circuits [1] [2] [3] [4] [5] [6] [7] . Particularly, great efforts have been put into the development of defect-based devices [3, 4] . Two prominent examples are directional emission and beam splitters.
Recently enlightened by Refs. [8, 9] , two kinds of PC waveguide structures are designed for directional emission. The first one is a PC waveguide structure with surface corrugation for the excitation of surface modes at the PC output surface to realize directional emission, which has been theoretically studied [10] [11] [12] and experimentally validated [13, 14] . The other one is a PC waveguide structure with some point defects at the termination [15] . Besides directional emission, the research on beam splitters about the PC waveguide structures has also gotten important progress. Among them, coupled-cavity PC waveguides [16] and line-defect PC waveguides [17] [18] [19] are two representative structures.
On the other hand, for a dispersion-based self-collimation [6, 7] structure, light can be confined without introducing line-defect in two-dimensional (2D) PCs. It is known that the direction of light propagation is determined by group velocity, which is equal to the gradient of the equifrequency surfaces (EFSs) [7] . The advantages of the self-collimation-based devices are that it does not require a physical boundary to achieve narrow lateral confinement, nor does it require precise alignment for coupling into narrow waveguides. Furthermore, guiding can be achieved over a larger bandwidth as compared to their line-defect counterparts. For beam splitters, there are two kinds of PC beam splitter structures related to self-collimation effect being reported. One is a self-collimation PC embedded with a beam-splitting structure [20] [21] [22] and the other is a self-collimation PC combining with a PC waveguide [23] . Besides the above structures, some other beam splitters with hybrid integration of conventional waveguide and PC structure have also been proposed, for example, a Mach-Zehnder interferometer [24] and a polarization-selective splitter [25] .
However, directional emission and beam splitters with a self-collimation PC only modified on surface structures have not been reported. These structures are not only significant to the applications due to their wide-bandwidth operation, but also are favorable to fabrication.
In this paper, we propose the directional emitter based on self-collimation effect over a large relative bandwidth by the surface modification method. Additionally, we demonstrate that the compact beam splitters with symmetrical energy distribution and high transmittance can be realized by simply modifying the monolayer structure of the output surface.
Structural analysis
A 2D PC with square lattice of dielectric cylinders in air is considered, in which the dielectric constant of dielectric cylinders ε r =9 and radius of dielectric cylinders R=0.5a (a is the lattice constant). Only H-polarization (magnetic field along the cylinder axis) is studied in this paper. With this set of parameters, the dispersion and the EFS diagram of this 2D PC are calculated by plane wave expansion method [26] , and the results are shown in Figs. 1(a) and 1(b) , respectively. The dispersion diagram clearly shows that only one band with negative group velocity lies in a wide frequency range. Moreover, from Fig. 1(b) we find that the EFSs are near square shaped around the Γ point in the frequency range 0.28-0.31(2πc/a), which means that self-collimation phenomena may occur, especially for ω 0 =0.30(2πc/a). This is the frequency range in which we are interest, denoted by the grey area in Fig. 1 (a). We will take the frequency ω 0 as an example to demonstrate both the directional emitter and beam splitters in the following discussions. Here, we discuss their physical mechanism. When the electromagnetic (EM) wave is incident upon the input surface, owing to the multiple scattering of cylinders of the PC, the wave-front reorganizes [27] and the EM wave undergoes self-collimation within the PC. At the output surface, the wave-front once again reorganizes. Finally, the directional emission phenomenon and various beam splitting effects reported in this paper appear. Simulation results show that surface modifications play an important role in the wave-front reorganization at the interfaces. By properly modifying the input/output surface structure, various useful devices can be designed. Here we use approximation method to optimize the parameters (the radii or refractive index of the cylinders) on the input/output surface of PC.
Directional emitter
We consider a 2D finite PC structure of 11a×37a with the parameters described in Fig. 1 for the directional emitter. Its surface is along the Γ X direction. The first and last layers of the PC are at Z=0 and Z=10, as shown in Fig. 2 , respectively. A 2D point source (i.e. line source) with frequency ω 0 is placed 3a before the input surface center of the PC structure. The finite-difference time-domain (FDTD) [28] method is employed to calculate the propagation of the EM wave. Firstly, we show the result of the PC with unchanged surface in the Fig. 2(a) . The right part of Fig. 2(a) shows the spatial distribution of the Poynting vector of the EM wave. When the diverging EM wave emitted from the point source is incident upon the PC, it is collimated and then travels across the PC along a highly regular guiding channel. And in the opposite side, the EM wave once again diverges in the form of oscillating radiation patterns. We find that part of the energy spreads along the input surface and gradually loses, which is undesirable in our following discussion. The PC structure is modified as follows. For the input surface, keeping the center seven cylinders unchanged, the radius r i and the refractive index n i of the rest cylinders are changed to be r i =0.29a and n i =4.5, respectively; for the output surface, six cylinders at (10a, 3a), (10a, 4a) (10a, 5a) and (10a, -3a), (10a, -4a), (10a, -5a) are removed.
In order to achieve directional emission along the output surface normal, we modify both surface structures to modulate the wave-front of the EM wave to obtain desired effect. The PC structure is shown in Fig. 2(b) . Firstly, modifying the parameters of the input surface will prevent the spread of power along the input surface and enhance the transmittance. For a square lattice with the modified parameters at each side of the input surface, the surface modes are suppressed to couple with the continuum of air modes. So the EM wave is forbidden to propagate along the input surface (i.e. the X-axis), whereas permitted along the Z-axis for some center cylinders unchanged. Further calculations show that one single line surface modification of the PC is enough to achieve this effect. Moreover, by taking these modifications, only the EM wave within a certain incident angle range can enter the PC, and then three self-collimation guiding channels are formed by the complex scattering effect within the PC, with their central positions approximately at X=0, ± 4a, respectively. Secondly, by symmetrically removing several cylinders of the output surface, the wave-front of the EM wave coming out of the PC is modulated and thus produces a narrowed directional emitting beam along the output surface normal with a small divergence angle about 21.4 o . Furthermore, the simulations for other frequencies within the vicinity of . By comparing these divergence angles, it is found that the divergence angle for ω 0 is the smallest among the four picked frequencies, which results from the best self-collimation effect, as shown in Fig. 1(b) .
Beam splitters
As for beam splitters, we consider a PC structure with larger size of 11a×61a. We only need to modify the output surface structure to obtain desired effect. It is shown that while the radii of the center five cylinders of the output surface are simultaneously modified to a proper value, a Y-shaped beam splitter with excellent performance can be achieved. The PC structure is shown in Fig. 3(a) . A Gaussian H-polarization parallel light source propagating along Z-axis is placed at (-3a, 0) . Its frequency and width are ω 0 and 12a, respectively. We show some details of the Y-shaped beam splitter. In order to characterize the quality of the Y-shaped beam splitter, we measure the power P N at the far field position (49a, 0), normalized to the input power, incident upon a detector with cross-sectional length of 3a. We decrease the radius r o from 0.5a to 0 (taking 0.1a as the changing step between 0.30a and 0.10a), and the FDTD simulations are carried out. With the decreasing r o , the wave-front of the output parallel light is modulated in varying degrees and Y-shaped beam splitter with different quality are obtained. Furthermore, different values of P N at (49a, 0) are obtained, and the relation between P N and r o is plotted in Fig. 3(b) . It is clearly shown that as r o decreases from 0.5a to 0, the power along the surface normal X=0, i.e. P N , drops rapidly to a minimum value around r o =0.18a and then ascends slowly. P N keeps stable and small within the range of radius r o (0.15a, 0.21a). This is the range where we can realize a Y-shaped beam splitter with high quality. As an example, Fig. 3(a) shows the spatial distribution of Poynting vector for the case r o =0.18a and we find that the incident parallel light is split into two light beams, namely, a Y-shaped beam splitter with symmetrical energy distribution is achieved. The measured transmittance of the Y-shaped beam splitter is 91.34%. Besides being designed to form a Y-shaped beam splitter, the 2D PC can also be designed to split one parallel light beam into three or even five beams. The PC structures and the distributions of the Poynting vector of the EM wave are shown in Figs. 4(a) and 4(b) for the one-to-three and one-to-five beam splitters, respectively. We find that they are both symmetrical about the output surface normal, i.e. the line X=0. For the one-to-three beam splitter, the modifications of the output surface modulate the wave-front of the output EM wave and three split light beams are produced. The power ratio of the middle to the lateral beams can be adjusted by changing the radius r c of the center cylinder of the output surface, which is 1.2:1 for the set of parameters shown in Fig. 4(a) . For the one-to-five beam splitter, Fig. 4(b) clearly shows that five split light beams are formed via wave-front reorganization. The power ratio of the three light beams denoted by 1, 2, and 3 in Fig. 4(b) is 2.5:1.6:1. The measured transmittances of the one-to-three and -five beam splitters are 95.288% and 93.782%, respectively. Letting r c =0, and keeping every five cylinders next to (10a, 0) at both sides unchanged, the radius of the rest output surface cylinders is symmetrically changed to be r o =0.25a. 1, 2 and 3 denote the split beams and the three short black lines denote the positions of the detectors.
Conclusion
In conclusion, we accomplish the directional emitter and compact beam splitters based on self-collimation effect by using the surface modification method. The FDTD method is employed to demonstrate these phenomena where the surface structures play an important role. The simulation results show that the directional emitter can be achieved over a relative bandwidth of about 10.2% by taking modifications to both of the input and output surfaces. Furthermore, the compact beam splitters, including the Y-shaped, one-to-three, and -five structures, can be achieved by only modifying the monolayer structure of the output surface. All these beam splitters possess symmetrical energy distribution and high transmittance. These self-collimation-based devices can be used to enhance the light coupling efficiency, narrow the beam divergence of microcavity laser over a large frequency range, or divide an optical beam into multiple signals. Moreover, they may have potential applications in integrated optical and microphotonic circuits.
